Abstract -This paper describes the improvement in converter efficiency by reducing the switching loss and by recovering the snubber stored energy. A capacitive based passive regenerative snubber circuit is modeled for a dc-dc boost converter. The proposed snubber is mainly used to reduce the turnoff loss of the main switch. The energy recovery process and the turn-off loss depends on the size of the snubber capacitance; therefore, the conventional and the proposed converters are designed for high and low input voltage conditions with different sizes of the snubber capacitance. Based on the results obtained, the snubber capacitors are classified as small, normal and large snubbers. The Matlab simulation results obtained are presented.
Introduction
In general, soft-switching techniques have been used to reduce the switching losses and stress of a power switching devices. To reduce the stress and the switching conditions for the power switches can be improved by using snubber circuit also. During turn-on condition a series inductor called snubber inductor is used to limit the rate of rise of current (di/dt) through the device. A shunt capacitor called snubber capacitor is used to limit the rate of rise of voltage (dv/dt) across the device at turn-off instant.
During snubbing action energy is stored in the magnetic/electric field of these components. The stored energy must be removed after each switching transition to assure repetitive snubbing action. The simple way is to discharge the stored energy into a resistor which results in dissipative snubbers [1, 2] . Therefore, dissipative passive snubbers are usually added to the power circuits so that dv/dt and di/dt of the switching devices can be reduced, and the switching losses and stress can be diverted to the snubber circuits.
The size of the snubber inductor/capacitor may be small, normal, or large according to the definition of McMurray [3, 4] as shown in Fig. 1 . It shows that the switching loss in the switching device decreases with an increase in snubber. For good snubbing action at high power levels and switching frequencies, a relatively large snubber is, therefore, needed. This result in a large quantity of stored energy in the snubber element and at the same time causes more snubber energy loss. However, the power electronics products are in demand for their high efficiency in saving energy. To cope with the demand, the snubber energy losses of the converters are not negligible and should be improved [5] . In order to improve the efficiency of the system, the use of the regenerative or energy recovery or non-dissipative snubber is necessitated. This snubber is able to recover some of the stored energy, by feeding it back to the supply or load. This may be passive or active one [6] .
In some of the passive snubber based converters incorporated a snubber circuit with energy recovery transformer [7] [8] [9] [10] . This introduced additional losses. Whereas, the proposed snubber does not use recovery transformer. Also it was observed that generally the studies of dc-dc converter [6, [11] [12] [13] had been carried out for a particular value of snubber capacitance and the effect of the size of the snubber capacitance had not been discussed much. Therefore, for a proposed converter, the selection of the size of the snubber capacitance which is an important factor to obtain the better performance is analysed. The change in turn-off loss, output voltage and efficiency for different sizes of the snubber capacitance are discussed in the present work. Based on the results obtained, the snubber capacitors are classified as three groups: Group I as small snubber, Group II as normal snubber and Group III as large snubber.
Principle of Operation
The principle of operation of the proposed snubber without energy recovery circuit (Fig. 2) is explained as follows [14] : When switch S turns-off, as in Fig. 2(a) , the two capacitors are charged equally by the energy stored in the circuit, here Vc denotes the voltage of each capacitor. When the switch turns-on, as in Fig. 2 (b), these two voltages are superimposed and 2Vc appears across the terminals A and B. If these two terminals are connected with the source or the load through an inductor, the capacitor voltages will discharge resonantly to zero, thus recovering the stored energy of the snubber capacitors. The switch turns-off softly at zero voltage by virtue of being in parallel with the capacitors. (4) give the capacitor current c I and voltage Cs V respectively during the discharging period.
Circuit configuration and modes of operation
where, 1
Simulation Analysis
In simulation the performance of the converter is analyzed at both high (200 V) and low input (15 V) voltage conditions. The boost inductor of the converter is designed using the conventional method as follows:
It shows that the design of inductance depends on its inductor current ripple. Based on some design examples [15] [16] [17] [18] [19] two values of current ripple is assumed for analysis rather than the optimal design values [20, 21] . This leads to four cases. The circuit parameters for each case are shown in Table 1 and Table 2 . The obtained result of the conventional boost converter is shown in Table 3 . The selection of the size of the snubber capacitor is an important factor to obtain the better performance of the proposed converter. Since, the main switch turn-off loss can only be reduced by snubber capacitor, it is necessary to select a snubber capacitor so that further increments of capacitor value will not significantly reduce the turn-off loss. Therefore, using the same reference parameters (Table 1) In small snubber the capacitor voltage reaches quickly to the input voltage level during its charging condition. Therefore, it is not sufficient for turn-off protection. The normal snubber provides sufficient turn-off protection. With large snubber the voltage rises slowly to reach the input voltage, and thereby provides good turn-off protection with minimum turn-off energy loss. The obtained turn-off energy loss of the main switch for three groups of snubber capacitance, using MATLAB/PLECS, is shown in Fig. 6 . It shows that an increase in snubber capacitance causes a reduction of turn-off loss. The minimum loss is obtained with snubber capacitors in the range of > 0.8 µF (Group III large snubber).
Case II. Input voltage, V in : 200 V and input boost inductance, L: 15 mH for conventional converter and 5 mH for proposed converter
An increase in efficiency of both the converters is obtained under this case. The proposed converter with onethird of the inductance of the conventional model has good results. Table 4 compares the results of conventional and proposed converters with case II parameters. The results obtained clearly shows that both the converters have better performance under this condition. The proposed converter with regenerative snubber circuit has an increase in output voltage and efficiency than the conventional converter.
Case III. Input voltage, V in : 15 V and input boost inductance, L: 100 mH
The converters are designed for low voltage level similar to case I. The results of case III are similar to case I. The range of the three groups of the snubber capacitors are as follows: Group I (0.01-0.088 μF) is taken as small snubber which provides complete energy recovery. Group II is taken as normal snubber. The range (0.089-0.12 μF) is an ideal normal snubber and provides complete energy recovery. But the range (0.13-0.32 μF) provides partial recovery only. Group III (0.33-0.4 and 0.5-μF) is large snubber which provides partial energy recovery; and, here, voltage doubling also exists. Also, Group I provide, the output which is almost the same as conventional one and Group II is with slight increase of output than the conventional one. Group III has almost twice the output voltage of conventional one.
Case IV. Input voltage, V in : 15 V and input boost inductance, L: 1mH
When compared with case III for all ranges of snubber capacitance a small reduction in the output voltage with an increase in efficiency is obtained as shown in Fig. 7 . Table 5 shows the turn-off energy loss of the converters. The results obtained shows that the turn-off loss is reduced in the proposed converter. With increase in snubber capacitance the loss is reduced. With Cs=1.1µF, the obtained loss is shown.
Experimental Results
From the simulation observation, the converter at low voltage condition (case III) as it provides, better results is considered for experimental analysis. Therefore, a laboratory model of the converters is developed with an 9 shows the comparison of simulation result with the experimental result of a proposed converter with V in = 15 V. The simulated output voltage for higher range of snubber capacitance and the simulated efficiency for all range of snubber capacitance show a close conformity with the experimental result. Since the proposed snubber is mainly used to reduce the turn-off switching loss the switching voltage and current of the converters at turn-off condition is shown in Fig. 10 . This clearly shows that the turn-off loss is considerably reduced in the proposed converter.
The voltage and current waveforms of the snubber capacitor is shown in Fig. 11 . It satisfies the concept of the proposed snubber as shown in Fig. 1 . At turn-off condition of the switch, each capacitor charged to its output voltage and discharged in series into the output side at turn-on condition.
The voltage and current waveforms of the snubber capacitor is shown in Fig. 11 . It satisfies the concept of the proposed snubber as shown in Fig. 1 . At turn-off condition of the switch, each capacitor charged to its output voltage and discharged in series into the output side at turn-on condition. Fig. 12 is the EMI noises of the converters. The peak condition is obtained around 26 kHz (switching frequency is 25 kHz) for both the converters. It can be seen that the noise at the switching frequency of the proposed converter is approximately 6 dB lower than that of the conventional converter. 
Conclusion
In this paper, a passive regenerative snubber circuit is presented. It has been developed for a dc-dc boost converter. The proposed snubber reduces the turn-off switching loss and the snubber stored energy is fed back to the output side. Thus the converter efficiency has been improved. At low input voltage condition the improvement is found to be 3 %. The switching voltage and current of the converters at turn-off condition is shown. The proposed converter with approximately 6 dB lower EMI than that of the conventional converter at switching frequency condition is also shown.
